, one can define three kinds of modelling. The simplest models are the statistical ones which make no attempt to involve physical mechanisms [2] .
Otherwise, the empirical models [3] , are based upon the conservation of energy but they do not distinguish the modes of heat transfer. Finally, the physical models differentiate among the various kinds of heat transfer in order to predict the fire behaviour [4, 5] . Among these, the multiphase modelling which takes into account the detailed physical phenomena involved in fire spread represents the most complete approach that has been developed so far [6, 7, 8] .
The aim of our research team is to create an operational management tool which is able to describe the spread of a forest fire in order to help fire fighters to make the appropriate decisions. Most of the disastrous forest fires that occurred in the last few years (Catalunya, United States, Corsica, etc…) were associated with high winds. Therefore, it is crucial for the fire fighting teams to possess the means of prediction. It is necessary for a simulator to represent correctly the fire behaviour in such situations, and to allow short calculation times so as to give the information about the spreading in the shortest possible time. Thus, these kinds of tools necessitate simple and robust models.
In a previous study [9] , we have developed as a basis towards our aim, a twodimensional model of fire spread across a fuel bed which will be recalled for reasons of clarity. This last approach was inspired by the diffusion-reaction equation and allowed us to determine, from a single equation, the main characteristics of a laboratory-scale litter fire under windless and slopeless conditions. This model and its evolution can be classified as semi-physical. Indeed, the main heat transfer mechanisms are differentiated in this formulation and the model's parameters, which are fuel dependent, are obtained from the fire dynamical behaviour. In a second paper, this model was improved in order to include the slope effect [10] . Then, one attempt was to consider the wind influence by assuming a similar effect of wind and slope due only to radiating flame heat transfer [11] . Although this derived model was able to predict both strong slope and combined slope and low wind effects, it failed to describe the fire behaviour with increasing wind velocity.
In recent work, we have developed a theoretical method of improvement of semiphysical models thanks to a multiphase approach [12] . This study has proved the necessity of including an advection term in our model. The addition of this term was in accordance
with several works which have demonstrated that, from a certain wind velocity, the advection cannot be neglected in front of the radiative transfer [13, 14] . The advective term was modelled in a simple manner however (constant wind velocity onto the whole domain of spread). And it did not represent correctly the experimental tendency even if it brought to the fore the necessity of considering the wind influence. So, we deduced that it was necessary to take into account the variation of the gas velocity in the burning zone. Hence, the present paper is devoted to the improvement of our model to take better account of the coupling between the wind and the thermal balance. To proceed, we used the momentum equation of the multiphase model to set the wind profile. Indeed, as this approach is inspired by a complete model [8] , it permits us to control the different simplifications and to determine the weaknesses if necessary.
The first section presents the multiphase model and its reduction which is used to improve our semi-physical model. The semi-physical model, its improvement, which takes into account the wind advection, and the setting of the reduced wind profile to be coupled to the model are detailed in the second section. The numerical method used to solve the temperature equation of our model is then presented in the third section. The fourth section is devoted to the presentation of the experimental method that was used to validate the results of the model. The last section concerns the comparison of the results of the model with experimental data and the discussion. To this end, different slopes and varying wind velocities are considered for fire spread conducted across pine needle fuel beds.
THE MULTIPHASE APPROACH

The complete model
As the bases of this model have already been presented [8] , only the essential features of this work are provided here. The aim of this approach is to represent the fire spread medium as a reactive and radiative multiphase one. This medium is defined by the fluid phase and N solid phases. Each solid phase consists in a set of particles which possess the same geometry and thermochemical properties. An elementary multiphase volume is defined to carry out averaged properties of both gaseous and solid phases. This last volume should be considered as smaller than the scale of the phenomenon but greater than the size of the particle. The whole set of multiphase equations governing the previous averaged properties is obtained in two steps. Firstly, point equations for the fluid and for the fuel phases as well as the interface conditions are established by using Delaye's formulation [15] . Secondly, this set of equations is space averaged applying Anderson and Jackson's approach [16] to the multiphase medium. Finally, we obtain the system of averaged equations presented hereafter. For the sake of clarity, symbols identifying that the variables are volume averaged have been omitted:
Gas phase:
Mass equation
Chemical species equation
Momentum equation
Total energy equation
Solid Phase (N equations, one per k phase):
It should be noticed that no momentum equation appears in the solid phase because it is assumed that each solid phase is motionless. To close the mathematical problem, interface equations are added, and a radiative equation is included to express the radiative contribution in the equation of energy of the different phases (Eqs. 4 and 7). From this method, different sub-models appear in the right hand side of the previous balance equations that should be determined. These last sub-models and the interface equations as well as the radiative transfer equation are not detailed here for clarity, but the interested reader is referred to [8] . This approach has been reduced in order to propose a method for improvement of semi-physical forest fire spread models. Indeed, the three-dimensional model presented here, which takes into account the finest mechanisms involved in fire behaviour, is not appropriate at the present time to be integrated in fire spread simulators since it needs considerable calculation time. To avoid this disadvantage, we have developed a two-dimensional semi-physical model, based on a single thermal balance, as well as a method to improve it. This method involves the reduction of the complete multiphase model and will be presented hereafter. It leads to a simplified multiphase formulation which nears our semi-physical one (while keeping significant physical information), and which can be used to improve it.
The reduced model
The multiphase model reduction has been carried out in three steps. Firstly, as the semiphysical model is two-dimensional, we reduced the three dimensional multiphase set of equations to two dimensions applying an averaging procedure on the z-dimension along δ, the height of the fuel layer (cf. figure 1 ). For clarity, no symbol indicating that the variables are averaged are included in the following equations. Secondly, since the semiphysical models are generally characterised by a single energy conservation equation, the thermal balances of the multiphase model has been reduced to one single equation by means of the thermal equilibrium assumption. Finally, the resulting conservation equation of energy has been expressed in term of temperature by using the previous set of reduced equations. The last result will be used to improve our semi-physical model.
After making calculations and setting some hypothesis of reduction, we obtained the following equation in which pressure, stress, gravity and conduction contributions are neglected and a single solid phase is considered [12] :
This equation represents the mean mechanisms of propagation like convection, radiation and reactions. Furthermore, it is expressed in a form that enables resolution through the expression of appropriate sub-models. It should be borne in mind that Eq. 8 is only a part of the whole reduced multiphase model which is derived from Eqs. 1 to 7.
Among these equations, the momentum equation is provided below as it will be used to set the wind profile to be coupled with the semi-physical model. This equation is derived from the momentum equation of the complete model (Eq. 3), on which we have applied the averaging operation along δ.
So, we obtain the following equation:
+ is the momentum of the gaseous products released by the solid phase (vaporisation and pyrolysis) at the solid / gas interface.
represents the stresses at the interface between the gas and solid phases.
This reduced model remains too far from our aim which is to elaborate a simple model which can be used as an operating management tool. It can be considered as a useful tool of improvement of semi-physical models however. Thus, Eq. 8 will be compared with the semi-physical model presented hereafter, so as to improve it. And Eq. 9 will be used to set the wind profile.
THE SEMI-PHYSICAL MODELLING
The semi-physical model
The aim of our research team is to develop a simple fire spread model to be used as an operational management tool. Due to the amount of physical phenomena and state variables involved in fire behaviour, it is necessary to make some simplifying hypotheses in order to generate a comprehensive and simple model. These hypotheses lead us to combine these physical phenomena and to consider a thermal balance which provides the framework of the model. In order to write it, elementary cells composed of soil and plant matter are defined. As a whole, these cells are considered to represent a thin, isotropic and homogenous medium equivalent to the litter. The energy transferred from a cell to the surrounding air is considered to be proportional to the difference between the temperature of a cell and the ambient temperature. Combustion reaction is assumed to occur above a threshold temperature (T ig ). Above this threshold, the fuel mass decreases exponentially and the quantity of heat generated per unit fuel mass is constant. The heat transferred between a cell and its neighbouring cells is due to three mechanisms: radiation, convection and conduction. We assumed that these exchanges can be represented by a single equivalent diffusion term, under no slope and no wind condition. However, due to obvious geometric reasons, a supplementary radiation was considered for an up-slope fire [10] . The following hypotheses are proposed in order to evaluate it:
-We consider the flame to be a vertical radiant surface (cf. figure 2), at least up to a limit angle [17] .
-We assume that the radiant heat flux prevails over a short distance d (in the calculation performed in this paper, d is equal to the spatial increment value of 0.01 m).
-We consider that the flame temperature T is equal to the temperature of the burning cell located below it. This temperature is given by the model. By using a StefanBoltzmann law, we assume that the radiant heat flux is proportional to T 4 .
By using these hypotheses, the supplementary radiation was determined in Santoni et al. [10] . From this analysis, it is shown that an unburned cell in the direction of the slope receives an additional radiant heat flux from an burning cell directly before it which is proportional to the cosine of the angle θ located between the normal of the front and the direction of the slope. Hence, when all of the previous assumptions are considered, we obtain:
is the temperature of the burning cell located before the unburned cell under consideration, with ) (φ P being a function of the slope angle, the emissivity of the flame, the absorptivity of the fuel and the view factor. It is not reasonable to take all of these parameters into consideration in our macroscopic approach. P will therefore be determined by using the following considerations:
-For horizontal and down-slope fires the flame lean backward and ( ) 0 = φ P which means that there is no supplementary radiant effect.
-Based on laboratory fire experiments of Mendes-Lopes et al. [18] , we established an analogy between the fire behaviour under slope and wind condition when flame tilt angle is below a threshold value [11] . ( )
is then a function of the flame tilt angle under up-slope and wind-aided conditions φ (cf. figure 2).
-P was fitted for each slope in accordance with the rate of spread and we deduced the following relation by a least squares approximation [11] :
where * p is a constant which value will be provided later. This relation has been used directly in the present paper to obtain the values of P.
With regard to φ , a simple relation was used to determine it: this angle was considered as the composition of the tilt angle due to the slope (equal directly to the slope angle β) and the tilt angle due to the wind effect (predicted as a composition of the wind velocity and the buoyancy flow velocity, taken both at mid-flame, which was determined in Morandini et al. [11] ).
Thus, we obtained the following model of fire spread:
with the conditions presented here: The model parameters (k, K, Q and γ ) are determined using the experimental temperature measurements over time for a fire spreading in a linear way [9] . Due to our approach, these parameters are fuel-dependent and must therefore be identified for each fuel. Thus, the usual fuel descriptors such as mass per unit area, particle size, compactness, physico-chemical properties and moisture content are intrinsically taken into account. This model, which will be called the radiative model, remained valid for a combined slope and low wind velocity ( )
≤ s m , but it was not able to predict the fire behaviour under higher wind velocities. In order to obtain a better representation of the spreading above this threshold, we used the reduced multiphase model to propose an improvement of our formulation as presented in the following section.
The advective and radiative model
By comparing Eq. 12 to Eq. 8, we can see that the essential aspects of the fire spread behaviour are represented, except one in Eq. 12. Indeed, both models consider chemical kinetic, radiant and convective heat transfer. The main difference between the two formulations consists in the advection contribution which was omitted in our model:
Hence, we proposed to add this term in the semi-physical model (Eq. 12), which becomes:
The added term should be discussed in order to provide an appropriate formulation for the gas velocity g V  and to identify the coefficient k v . With regard to g V  , we assumed as a first step that the maximum wind velocity ∞ V  can be used in Eq. 14 to take roughly into account the wind influence on the propagation. Hence, we called this variant the constantwind model. The coefficient k v was deduced from the multiphase model, assuming in addition that the gas is perfect, its specific heat remains constant and the quasi -isobaric approximation is valid. So, we obtain the following relation [12] :
k is a constant, and is equal to:
in which eq m is the surface thermal mass of the semi-physical medium equivalent to the litter.
As the assumption of the wind velocity equal to ∞ V  has proved to be too crude to enable a good prediction of the spreading [12] , we decided to include a wind profile to take into account the variation of the gas velocity in the burning zone.
Including a reduced wind profile
To be in accordance with our approach which consists of using the multiphase model to improve our semi-physical formulation, we used the reduced multiphase momentum equation (Eq. 9) to set the reduced wind profile. As a first stage, in order to evaluate the effect of coupling a wind profile with our thermal balance, a simple configuration will be studied in which Eq. 9 will be simplified to derive the gas velocity. Indeed, in order to allow a short calculation time and following our needs (elaborating a simulator), a simple wind profile will be a relevant sub-model to couple with our thermal balance carrying out the wind effects. The simplification of the momentum equation is managed by setting the following assumptions:
• We neglect the momentum of the gaseous products released by the solid phase as well as the viscous stress in the volume of the gas and the pressure at the interface between solid and gas phases. So, the stress tensor in the gas is reduced to:
And the stress at the interface between the solid and the gas phases is reduced to the drag forces:
Thus, we obtain the following equation: .
• In this first stage, we only consider the wind velocity in the direction of the spreading, Thus, the reduced wind profile concerns here the variation of the horizontal velocity in the direction of the spreading. With regard to our two-dimensional model, the variation of the state variables along y is necessary in the general formulation, but it will not be considered at the present time. Indeed, in the fifth section, we will validate our approach thanks to an experimental device which allows this hypothesis to be formulated. By subtracting the reduced mass balance (deduced from Eq. 1) from Eq. 19, and by considering solely the governing equation along x, we obtain:
where β is the slope angle.
• Buoyancy, drag forces and z g V , contributions are supposed to be equivalent to a force proportional to the quantity of the gas present in the multiphase volume solely and acting on the gas when it penetrates the fire plume:
Where A is a constant representing the forces acting on the gas. So, Eq. 20 becomes:
This hypothesis assumes that the action of all the different forces remains constant whatever the gas velocity is, and that the change of V , is due to a global force that is difficult to model accurately and whose effect is to decrease x g V , value when the gas enters the fire plume. It is certainly a big assumption, but the interest of this approach is to demonstrate that the knowledge of the variation of the gas velocity in the burning zone is essential for our model and brings a substantive improvement to the prediction of the rate of spread. The parameter A is adjusted once and remains the same for all the other configurations of slope and wind. It should be noticed that its value will determine whether the flow passes through the flame, or is stopped by it. In order to solve Eq. 22 we further assume that:
• The velocity x g V , at the entering of the burning zone, is equal to ∞ V  and decreases uniformly to zero throwing it (queue of the front to ignition interface in figure 3 ). We neglect the aspiration of cold gas ahead of the flame.
• The flow is assumed quasi-steady, i.e. the profile remains constant into an elementary interval of time associated to the thermal balance and must be recalculated at each time step. Thus, the time rate of change of the velocity in Eq.
22 is neglected and we obtain the following simplified equation (that follows the burning zone):
Finally, we can set the wind profile along x:
Where q x is the coordinate of the queue of the front.
Eq. 24 will be used as a sub-model to determine the gas velocity present in the advective term of our model (Eq. 14).
NUMERICAL METHOD
We used a numerical method to solve Eq. 14. Indeed, analytical solutions exist for simple fire spread models [19] , but generally, a numerical approach is necessary to study mathematical problems. Tang and Weber [20] , studied a two-dimensional reactiondiffusion equation numerically, using the finite element and finite difference methods. The finite difference scheme was examined in the present study and is presented here.
The computational domain Ω is divided into a rectangular grid. The Laplacian of T at the inner grid nodes is estimated by central finite differences which have a second order accuracy in space. And the time rate of change of T is approximated by right finite differences which have a first order accuracy. For the added advective term an upwinddifference scheme has been used in order to take into account the importance of the gas transfers in the wind direction [21] .
Eq. 14 is discretised onto the domain Ω and leads to a linear system which is solved using the Jacobi iterative method [22] . The homogeneous grid used is relatively fine with a mesh size of 0.01 m and the time step is 0.01 s.
EXPERIMENTAL FACILITY AND PROCEDURE
Experimental set-up
The experiments were carried out in a dedicated low speed wind tunnel, as depicted in figure 4 , at Instituto Superior Técnico of Lisboa [18] . They were performed in order to observe wind driven fire across fuel beds of pine needles. Furthermore, the tunnel allows slope effects to be studied with a sloping fuel tray (cf. figure 4) . 
Experimental runs
The movable tray is positioned at the required angle and the wind velocity is fixed at the required value. The conditioned pine needles are scattered uniformly on the tray. To ensure a fast and linear ignition, a small amount of alcohol and a flame torch are used. The fuel is ignited perpendicularly to the flow, at the wind tunnel side for wind driven fire and at the opposite side for back-wind fire. In order to obtain a uniform and established flame propagation, the fuel bed was ignited sufficiently far away from the work section. Three runs are carried out for each set of conditions. The experimental runs are recorded by video.
Rate of spread, flame geometry and temperature recording
The rate of spread is obtained from the derivative of the curve ʺ″flame front position vs timeʺ″. Twenty to thirty images of each experimental run are analysed in order to determine the mean flame angle which is defined as the angle between the tray and the leading surface of the flame. Temperature measurements were made using K type thermocouples with 250 µm wire diameter.
NUMERICAL RESULTS AND DISCUSSION
Previous results
In the first place, the varying experimental configurations were simulated with the radiative model [11] , and with the constant-wind model [12] . The model's dynamical coefficients were determined from experimental temperature curves in slopeless and windless conditions as explained in [9] . So, we obtained the following values:
The predicted and observed temperature profiles (measured at the top of the fuel bed)
are provided in figure 5 in slopeless and windless conditions. A general agreement is observed on the envelope of these simulated and experimental curves. We do not detail the results that have already been discussed in Balbi et al. [9] .
The predictions for the radiative model and for the constant-wind model are presented in figure 6 for no slope configuration. With regard to the radiative model, the results were in agreement with the experimental data up to a wind velocity of profile. Indeed, the one-dimensional wind profile used in this study has been obtained by assuming that the action of all the different forces remains constant whatever the gas velocity and the slope are. Although it was a suitable assumption for low winds and slopes, conversely, the same is not true when both slope and wind increase. Further investigations are necessary in order to take into account explicitly important influences like buoyancy (which has intentionally not been addressed here) and to represent the variation of the wind direction that have not been studied yet. This work can be managed by the development of a simple flow model appropriate to our aim (elaborating a simulator).
Secondly, the radiant contribution modelling does not take into account long-range effects (cf. Eq. 12 and its conditions). Figures 10 and 11 give the predicted and observed temperatures profiles at a given point on the top of the fuel bed, and emphasise this weakness. Before discussing these curves, it should be pointed out that the experimental temperature profiles can only be considered qualitatively under wind conditions, as mentioned in Ventura et al. [23] . Indeed, the coupling of the heterogeneity of the fuel spatial distribution with the turbulent nature of the flow involves some scattering and makes an analysis based on the individual temperature traces difficult. Nevertheless, the general shape can be discussed. Thus, we can see that the envelope of the simulated result matches the experimental one roughly. The peak temperature zone cannot be discussed easily since the thermocouples do not provide accurate values. Indeed, infrared measurements upon the same fuel type [24] , reveal that the burning area temperature ranges from 1000°C to 1300°C, that is in accordance with our prediction. The cooling down in the third zone is represented but it cannot be analysed accurately because of the different performances produced by the thermocouples in the same configurations (see also figure 5 ). As to the preheating zone, the model fails to describe qualitatively the increase of the fuel bed temperature. It should be noticed that the increasing wind velocity stretches and tilts the flame forward in the direction of the unburned fuel and increases the long distance effect of the radiant transfer. This effect can be observed when looking at the figures 5, 10 and 11 in which we see that this influence increases with the wind velocity.
The semi-physical model, in which we have assumed a short radiant distance effect by considering that radiation prevails in the inert cell ahead of the fire front, does not perform this last effect. It should be further improved by taking into account the long range radiant heating.
Thus, the under-prediction in the rate of spread for the wind velocity of
is a result of the two weaknesses detailed here above (radiant modelling as well as wind profile modelling). Our model will be improved, in order to circumvent them, in future studies based on a theoretical multiphase investigation.
On the other hand, it should be noticed that the wind profiles implied that the hot gases were stopped by the flame for wind velocities less than or equal to involve an increase of its peak temperature (by advection) which causes an increase in the radiant effect on the unburned fuel, to finally induce rates of spread higher than those of the radiative model.
CONCLUSION
The present work was devoted to the study of the influence of gas velocity on the spreading of flames across a fuel bed under wind conditions. In previous work, our semiphysical model has been improved thanks to a multiphase approach in order to add an advective term in its equation. The present work brought to the fore the question of determining the wind velocity in the flaming zone. The knowledge of the gas velocity distribution has proved to be essential in our model to represent the rates of spread correctly. Adding a wind profile permitted both a substantive improvement concerning the prediction and using a single value of the advection parameter. Thus, the simplified wind profile presented here has emphasised the necessity of such information, but has proved to be too rough to represent well the gas influence and particularly the buoyancy. To look forward, this study has shown the necessity for the simplified models to be integrated in fire simulators, to model the flow in the fuel layer. Indeed, we have demonstrated in the present work that the temperature was not the single state variable as we supposed firstly while setting our energy equation. The wind velocity must be incorporated as well. Future work, based on the multiphase approach, that contains all the information we need and we have neglected, will be managed in order to obtain a simplified flow model suitable to our aim (to elaborate a simulator) on a more physical basis. Furthermore, the long-range radiant contribution has recently been investigated and will be linked to the model presented in this paper.
Another point which deserves mention is that our model is also capable of providing the front geometry, since it is two-dimensional along the fuel bed. It has been validated both in slopeless and slope configurations, but we could not do the same for the wind-aided spread since we do not possess the contours for the experiments considered here. Thus, further experiments are necessary in order to validate it: this information is of capital importance for the fire fighters, and particularly to co-ordinate their actions in densely populated areas. 
